Polychlorinated biphenyls (PCBs) are among the most widespread and persistent pollutants in the global environment. Coplanar and noncoplanar PCBs have been shown to cause congener-specific apoptosis mediated neurotoxicity in rats. Very few, if any, such studies have been reported on human renal cell toxicity. The authors report here caspase-dependent or caspaseindependent renal toxicity, as measured by apoptotic death induced by PCBs, depending on the planarity of congeners PCB-77 (coplanar) and PCB-153 (noncoplanar) in human kidney cells (HK2) in vitro. The authors have combined morphological and biological techniques to discover the relevance of apoptosis in renal proximal tubule cell death induced by these two PCB congeners. Treatment with both PCB congeners caused accelerated apoptosis in a timeand concentration-dependent manner. Based on our findings using human kidney (HK2) cells, there was more apoptosis-mediated loss of cell viability by non-ortho-substituted PCB-77 when compared to PCB-153. A significant increase of caspase-3 expression through immunoblot studies showed the involvement of apoptosis by PCB-77 compared to none by PCB-153. The broad-spectrum caspase inhibitor z-VAD-fmk showed increased cell death when treated by PCB-153, but not by PCB-77, confirming that caspase inhibitor induced a switch in the mode of cell death. It is reasonable to assume that apoptotic cell death in the renal proximal tubule cells treated by PCBs may have both caspase-dependent and caspase-independent pathways.
Polychlorinated biphenyls (PCBs) are a category or family of chemical compounds, formed by adding 1 to 10 chlorine atoms to biphenyl (C 12 H 10 ). There are 209 congeners of PCBs, depending on the positions of these chlorine molecules. PCB congeners are also grouped into coplanar and noncoplanar, which decide specificity of their biological activations (Chen and Bunce 2004; Gafni, Wong, and Pessah 2004; Howard et al. 2003; Machala et al. 2003; Patterson et al. 1994) . Caspases, a family of specific cysteine proteases, have long been considered as the major executioner of all programmed cell death. However, increasing evidence suggest that programmed cell death can occur independent of caspase activation (Broker, Kruyt, and Giaccone 2005) . The caspase activation may be started by (1) an intrinsic pathway involving mitochondrial activation (for example, from neurotoxins, ceramide, and other cytotoxic agents) or (2) an extrinsic pathway through binding specific protein ligands to transmembrane receptors belonging to the tumor necrosis factor (TNF) superfamily of death receptors (DRs) (Thonel and Eriksson 2005) . TNF family death receptors activate apoptosis by recruiting a few adapters, signaling, and effector proteins in a complex called the death-inducing signaling complex (DISC). The assembly of the DISC allows binding of the bipartisan adapter protein FADD that recruits and allows self-activation of caspase-8. Activation of the initiator caspase (caspase-8) eventually leads to activating downstream effector caspases (caspase-7, -6, and -3) that eventually cause the death of the cell, thus completing the caspasedependent cell-death pathway. The intrinsic pathway can also activate the effector caspases. Because of cellular stress, mitochondrial membrane may selectively become permeabilized, leading to the release of cytochrome c. Cytochrome c and the activation of the apical caspase-9 and Apaf-1 form the apoptosome, which is ATP dependent. This leads to direct activation of effector caspases. Thus, the mitochondrial activation loop has the potential to activate the death receptor, which can activate the caspase-dependent cell-death pathway. Caspase-9 can link with mitochondria leading to the caspase-protease network (Li et al. 1997) . Caspase-8-mediated activation of BID protein cleavage may account for crosstalk between death receptor (extrinsic) and mitochondrial (intrinsic) pathways that lead to apoptosis. Mitochondria-derived reactive oxygen species (ROS) 342 Y. Q. CHEN ET AL.
can lead directly to the caspase-independent cell-death pathway. For example, it has been shown that TNF-induced necrosis-like cell death is mediated by mitochondria-derived ROS (Schulze-Osthoff et al. 1992) . Release of the apoptosis-inducing factor (AIF) from the mitochondrial intermembrane space can lead to caspase independence (Joza et al. 2001 ). Bcl-2, a human antiapoptotic member, is localized in the outer mitochondrial membrane, serving to preserve mitochondrial integrity. Celldeath signals from organelles such as lysosomes are involved in necrotic and autophagic cell death. Mitochondria-derived ROS can lead to more lysosomal membrane permeabilization, which can release cell-death proteases such as cathepsins (Zhao et al. 2003) . Endoplasmic reticulum (ER) stress can induce permeabilization of the mitochondrial membrane and, thus, activate caspase-dependent or caspase-independent cell-death pathways (Jaattela 2004) .
In 1989, a kidney cancer was reported in the utility workers exposed to PCB (Shalat et al. 1989) . Similarly, an experiment that exposed rats to a low level of PCB 118 (10,000 ppb) concluded that kidney accumulates PCB 118 and also confirmed hisotopathological changes in kidney (Chu et al. 1995) .
This study reports the renal toxic potential of PCBs and their relevance in apoptosis. We have evaluated the difference in effects of both noncoplanar versus coplanar PCBs. This was done by using various methods, such as the median lethal concentration (LC 50 ) test, DNA fragmentation test, fluorescence staining of condensed chromatin structure, and Western blot for caspase-3 expression.
MATERIALS AND METHODS

Test Chemicals and Cell Line
Noncoplanar PCB-153 (2, 2 ,4, 4 ,5,5 -hexachlorobiphenyl) and coplanar 3 , 4, are products of Ultra Scientific (North Kingstown, RI) and were 98.9% pure. HK2 (human kidney 2; catalog no. CRL-2190) (ATCC, VA) is a proximal tubular cell (PTC) line derived from a normal human kidney. The cells were immortalized by transduction with human papilloma virus 16 (HPV-16) E6/E7 genes (Ryan et al. 1994) . A total of 2 × 10 6 HK2 cells were cultured in each 10-cm-diameter tissue culture plate. After reaching 80% to 90% confluence, HK2 cells were treated with PCBs at different time points. Hoechest (33342) dye and staurosporine were obtained from Sigma Chemicals, St. Louis, MO, USA. A 20-mM solution of the caspase inhibitor z-VAD-FMK (Enzyme Systems Products, Livermore, CA, U.S.A.) was prepared in sterile dimethyl sulfoxide (Sigma Chemical).
Median Lethal Concentration (LC 50 )
Median lethal concentration (LC 50 ) tests were performed after 24 h of PCB-153 and PCB-77 treatments. A total of 2 × 10 6 HK2 cells in 10-cm-diameter cell culture plates were grown in 5 ml complete growth medium with different concentrations of 17.2, 34.5, 69, 138, and 276 µM) and 6.25, 12.5, 25, 50, 70 , and 100 µM) in three replicates along with three control wells for each PCB concentration. After 24 h, the media were removed; the cells were washed with 1× phosphate-buffered saline (PBS) and stained with 0.05% Trypan Blue to count blue (dead) and white (live) cells and recorded separately for each plate by Trypan Blue exclusion method (Freshney 1987) . The GraphPad Prism (San Diego, CA) software was used to estimate the median lethal dose for both PCB-153 and PCB-77.
DNA Fragmentation
The harvested cell materials were pelleted by centrifugation for 5 min and resuspended in 300 µl buffer containing 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), and 0.5 mg/ml proteinase K and incubated at 37 • C overnight. DNA was precipitated with ethanol, resuspended in 200 µl Tris-EDTA buffer at pH 7.5 containing 50 µg/ml RNase, and incubated at 37 • C for an additional 2 h. Five micrograms of DNA samples was then electrophoresed on 2% agarose gel containing ethidium bromide (Duttaroy et al. 1998 ) (see Figure 1 ).
Fluorescence Microscopy
The bis-benzimidazole dye, Hoechst 33342, has a high affinity for AT-containing DNA by virtue of its minor groove-binding properties. HK2 cells were growing in the four-well-chamber slide with PCB-153 and PCB-77 treatments. When the desired expression times were reached, the chamber and medium were removed; the cells were washed with cold (4 • C) 1× PBS, put into cold (−20 • C) pure methanol for 20 min at room temperature, then washed with 1× PBS and incubated with Hoechst 33342 (10 µg/ml in PBS) for 15 min at room temperature. The cells were then washed with 1× PBS and mounted in glycerol: water (90:10 v/v) under cover glass. The images were captured with a digital camera under ultraviolet (UV) light. The visual standard of chromatin staining (Filipovic, Meng, and Reeves 1999) was used for this test. All of the samples had 1 ml keratinocyte medium and about 30,000 HK2 cells. The samples were washed with cold PBS, fixed with pure methanol, stained with Hoechst 33342, and captured with a digital camera under UV light (Filipovic, Meng, and Reeves 1999) . Several controls (see Figure 2A ) were used in this study: (1) negative control had only medium and cells; (2) positive controls had two different toxic levels of staurosporine (STS), 30 nM and 200 nM;
(3) DMSO, which was used as a solvent for PCBs, STS, and z-VAD-fmk, was added to the medium at 60 µl as another control; and (4) z-VAD-fmk (z-val-ala-asp-[ome]-fluroromethyl ketone), which is the inhibitor for all caspases, was added to the medium at 60 µM. 
Immunoblotting Studies
Monolayer HK2 cells (2 × 10 6 ) were grown in 100 × 20-mm tissue culture dishes up to 70% to 80% confluence; PCB-153 or PCB-77 was added into the dishes in required concentration and for required time exposure. After removal of the medium, 400 to 500 µl of cell lysis buffer was used to scrap cells and centrifuged at 14000 rpm for 30 min at 4 • C. The protein estimation was done using a protein Assay Kit (Pierce-23225). The Invitrogen 1.0 × 10-mm well, 4% to 20% Tris-glycine gel (precasted), was used and run at 120 volts for the best resolution. Membrane transblot was done using the polyvinylidene difluoride (PVDF) membrane (Immobilon P, Milipore; 0.45 µm). The membrane was soaked in 100% methanol for a while and placed in the Hoffer (Invitrogen) transfer cassette following the manufacturer's orientation and run overnight at 22 V with constant stirring at 4 • C. Western blotting was done by the following protocol of Sambrook and Russell (2001) . Briefly, after washing, the membrane was blocked with 5% nonfat dry milk (Blotto/Invitrogen) for at least 1 h. The primary antibody was added to the membrane and kept on gentle shaking for at least 2 to 3 h. The secondary antibody was added over the membrane with gentle shaking for 1 h. After washing, the membranes were placed in plastic wrap, completely soaked with Enhanced Chemiluminescence (ECL) Plus. Western blotting detection system (RPN2132/Amersham Pharmacia) was used according to the manufacturer's instruction. In the darkroom, KODAK Biofilm MR was placed on the membrane with different exposure times and developed in a Kodak automatic developer.
RESULTS
LC 50 Tests
LC 50 is the toxicant concentration that would cause death in 50% of the test organisms. LC 50 was tested at 24 h for HK2 cells with exposure to PCB-153 and PCB-77, which were 80 µM (29 ppm) and 40 µm (12 ppm), respectively. It shows that at 24 h, PCB-77 is more toxic to HK2 cells than PCB-153.
DNA Fragmentation Analysis
DNA fragmentation can distinguish the apoptotic cell death from other forms of cell death. In Figure 1 , dead HK2 cells showed DNA smear at 5 h and 18 h and DNA fragments at 24, 48, and 72 h. Among 24, 48, and 72 h, the 48-h DNA fragments were most obvious at PCB-153 treatment. At 72 h, DNA fragments were more prominent in PCB-77 treatment. It clearly indicates that complete disintegration of heterochromatin structure in later time points with PCB-153.
Fluorescence Staining for Apoptotic Cells
Both control of DMSO and z-VAD-fmk did not show any effect on HK2 cells, which was the same as the negative control. It means that these two reagents were not toxic to HK2 cells. In 30 nM STS positive control, apoptotic cells were stained with Hoechst 33342 as small condensed dots; in 200 nM STS positive control, apoptotic cells were stained as large highly condensed dots. It shows that when compared to a lower concentration of STS, higher concentration caused HK2 cell apoptosis to be more effective, and more DNA were stained by Hoechst dye (Figure 2A) . Most of the different concentrations of PCB-153 PCB-77 induced apoptosis in a concentration-dependent manner with small bright dots ( Figure 2B ). Only PCB-153 at 150 µM had larger highly condensed dots like the ones induced by 200 nM STS. When the caspase inhibitor was added ( Figure  2C ), PCB-153 and PCB-77 showed significant differences. PCB-153 caused HK2 cellular apoptosis both with and without the caspase inhibitor z-VAD-fmk, which even increased apoptosis; PCB-77 caused HK2 cellular apoptosis but was prevented by z-VAD-fmk. Cande et al. (2002) made a similar observation.
FIGURE 3
Time-dependent HK2 cell caspase-3 and caspase-8 protein expression with PCB-77 and PCB-153 treatments. When comparing PCB-77 and PCB-153 treatments, an obvious difference can be seen in caspase-3, but not in caspase-8. It is also clear that caspase-3 expression in PCB-77 treatment is time dependent. Caspase-3 has a molecular weight of 17 kDa, and caspase-8 has a molecular weight of 10 kDa.
Apoptotic cells at each group also were counted and compared to each other ( Figure 2C ). It was apparent that (1) PCB-153 and PCB-77 caused HK2 cellular apoptosis in a dose-dependent manner;
(2) PCB-153 caused HK2 cell apoptosis at 24 h and was not inhibited but increased by z-VAD-fmk, a well-known
FIGURE 4
Quantitative Hoechst 33342 fluorescence staining of HK2 apoptotic cells induced by PCB-153 and PCB-77. The white bars show the percentage of HK2 cells with condensed chromatin. STS (staurosporine) is the known apoptosis-causing chemical; z-VAD-fmk (z-val-ala-asp-(ome)-fluroromethylketone) is the inhibitor for all caspases. It shows that both PCB congeners induced apoptosis in HK2 cells in a dose-dependent manner. However, z-VAD-dmk did not inhibit; instead, it enhanced PCB-153-induced apoptosis, but inhibited PCB-77-induced cells. caspase inhibitor;
(3) PCB-77 caused HK2 cell apoptosis at 24 h and was inhibited by z-VAD-fmk.
Immunoblotting Studies
These results suggest that inhibition of the caspase-dependent effect on PCB-153-induced cell death might have switched the death program from a classical caspase-dependent pathway to a caspase-independent pathway. Activation of the apoptotic initiator caspases (caspase-8) is a molecular event that constitutes one of the earlier steps to the entry of extrinsic apoptotic cascade (Chen et al. 2005) , whereas activation of effector caspases (caspase-3) is deemed as the point of no return from the commitment to an apoptotic cell death program. We have proceeded to examine the PCB-77-and PCB-153-induced caspase-8 and caspase-3 protein expression pattern. We expected that if PCB-153 is not dependent on the "activation" of effector caspase-3 to exert cell death effects, then compared to PCB-77-induced caspase expression, PCB-153 would not be able to induce a comparable level of caspase-3 expression. As can be seen from Figure 3 , as expected, PCB-153 failed to induce any caspase-3 expression. The PCB-153-and PCB-77-induced caspase-3 expression patterns have also been independently verified in a recent article (Sanchez-Alonso et al. 2003) .
DISCUSSION
DNA fragmentation, a hallmark of apoptosis, was clearly shown in the HK2 cells under both PCB-153 and PCB-77 treatments. The apoptosis was caused by both PCB-153 and PCB-77, but with two distinct mechanisms. The two main mechanisms of apoptosis are the death receptor pathway and the mitochondria pathway, and caspase may be involved in apoptosis. If so, this investigation gives some insight as to whether PCBinduced apoptosis in HK2 cells is caspase-dependent or caspaseindependent.
In PCB-153 studies, Howard et al. (2003) observed that noncoplanar PCB-47 significantly increased DNA fragmentation in hippocampal but not cortical neurons, and this effect was blocked by the caspase inhibitor z-VAD-fmk. In our HK2 cells treated with noncoplanar PCB-153, DNA fragmentation and chromatin condensation were observed, but the effect was not blocked by the caspase inhibitor z-VAD-fmk. It suggests that PCB-153 did induce apoptosis and that this apoptosis is caspase independent. The difference between hippocampal and HK2 might be due to the tissue/cell specificity.
In HK2 cells treated with PCB-153, DNA fragmentation and chromatin condensation were not inhibited, but were enhanced by the caspase inhibitor z-VAD-fmk; caspase-3 expression in time-dependent study did not show any significant difference. It suggests that PCB-153-induced HK2 cell apoptosis was caspase independent (Figure 4) .
In HK2 cells treated with PCB-77, at least two biological processes: caspase-3 expression increasing in both a time-and dosedependent manner; DNA fragmentation and chromatin condensation, which was inhibited by caspase inhibitor z-VAD-fmk. It suggests that PCB-77-induced HK2 cells apoptosis was caspase dependent (Figure 4 ). It has been shown that caspase inhibition can switch the mode of cell death not through apoptosis but by the involvement of necrosis, depending upon cell lines in vitro (Prabhakaran et al. 2004 ). This explains our observation that cell death induced by PCB-153 was enhanced by the caspase inhibitor z-VAD-fmk. It was observed that a high concentration of z-VAD-fmk (>100 µM) enhanced neutrophil apoptosis, and lower concentrations (1 to 30 µM) completely blocked apoptosis (Cowburn et al. 2005) .
